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Abstract 
We report on channel morpho-texture and bedload transport in a natural, steep, 
sand-gravel ephemeral channel draining the small Poveda Gully watershed in 
the mining area of the Alto Tajo Natural Park, Spain. First-ever continuous 
bedload flux and texture monitoring in a transitional sand-gravel environment 
was undertaken by two independent Reid-type slot samplers. Morphological 
changes in the feeder reach have been quantified by TLS (terrestrial laser 
scanning) and SfM (structure from motion) technologies. We identified a pattern 
in channel-bed morphology and texture (morpho-texture): when the channel is 
incised its texture is coarser, otherwise sand-filling occurs. These changes 
determine bedload flux and texture: sand fill brings rise to high fluxes and fine-
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grained bedload, whereas incision caused by evacuation of sand leaves a 
sandy-gravel surface with lower bedload fluxes and coarser texture. A video 
camera recording during events allowed identification of dramatic changes in 
bedload flux and texture owing to the appearance and erosion of bars, 
supplying field evidence to explain the difficulty in the prediction of bedload flux 
at short time intervals.  
 
KEYWORDS: bedload flux; bedload size; gravel-sand; steep ephemeral 
channel; variable channel morphology 
 
1. Introduction 
Bedload transport is the main process by which fluvial landscapes form and 
evolve, also determining river activity. Its understanding is required for river 
management and for planning of fluvial infrastructures such as dams and 
bridges (Batalla and Vericat, 2011). Sand-gravel bed systems have been 
studied mostly in flumes (Wilcock and McArdell, 1993, 1997) showing how 
grains of a specific size in a mixed-size bed are entrained over a range of shear 
stresses and that only part of the bed material is entrained, the rest remaining 
immobile, thereby defining partial bedload transport. The range of shear 
stresses and the proportion of active grains vary depending on the initial texture 
and its variation during the occurrence of a flow event. Also, the range of sizes 
in a state of partial transport increases with flow strength, and full mobilization of 
all grains is achieved only at a shear stress when the proportion of bedload 
grains of a given size is equal to their proportion in the bed surface (Wilcock 
and McArdell, 1993). In addition, it has been known for some time that sand 
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plays an important role in gravel mobilization as demonstrated in field (Jackson 
and Beschta, 1984) and flume studies (e.g., Iseya and Ikeda, 1987). Indeed, 
gravel flux is increased when sand represents 14-27% of the bed (Wilcock et 
al., 2001; Miwa and Parker, 2017). The interaction of particles of different size 
(sand and gravel) has recently been approached from the physics of granular 
flows (Hill and Tan, 2017). Although flume studies can reproduce bedload fluxes 
comparable to those in nature, field studies are required to quantify bedload 
processes accurately in large events with higher shear stresses (Kuhnle et al., 
2014).  
Bedload measurements in nature are demanding because of high temporal and 
spatial variability (Gomez, 1984) and because of the interaction of different 
sizes of bed material (Parker, 2008). They are also expensive, time consuming, 
and dangerous in some settings (Gray et al., 2010). Therefore, continuous data 
on bedload flux and texture are relatively scarce compared with those for 
suspended sediments (Zapico et al., 2017). Several devices for continuous 
direct measurement of bedload transport have been used (Habersack et al., 
2017). The most widespread and accurate method for continuous bedload 
monitoring is the Reid-type recording slot sampler, successfully used in 
permanent and ephemeral gravel-bed rivers worldwide (e.g., García et al., 
2000; Laronne et al., 2003; Vericat and Batalla, 2010). It has also been 
employed in gravel (Laronne and Reid, 1993), gravelly-sand (at the Jornada 
Experimental Range, see Laronne et al., 2003), sandy (Lucía et al., 2013) as 
well as in clayey-gravel ephemeral channels (Liébault et al., 2016). These 
studies have provided data and information on bedload flux and texture, as well 
as on sediment yield (Lucía et al., 2013). However, prediction of bedload flux in 
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nature is inaccurate owing to factors such as sediment supply and bed armoring 
(Recking, 2010, 2012; Rainato et al., 2017). Video cameras have been widely 
used in flume experiments but rarely in Nature (e.g., Drake et al., 1988; Garcia 
et al., 2007; Beylich and Laute, 2014). No study has yet been undertaken with 
video recordings and simultaneous sampling of bedload. 
Studies on bedload in sand-dominated gravelly channels have been undertaken 
in ephemeral (Lucía et al., 2013) and intermittent (Kuhnle et al., 2014) streams 
with the Reid sampler; other methods were employed in perennial streams 
(Kleinhans and Ten Brinke, 2001; Claude et al., 2012). These studies provided 
information on bedload dynamics in sand-gravel rivers. Also, channel form and 
its spatiotemporal changes have been documented at the interevent scale. In 
alluvial gravel-bed rivers high resolution topographies (HRTs) have been 
generated among others for estimating sediment budgets (Lane et al., 1994, 
2003; Brasington et al., 2000; Williams et al., 2013). However, relating event-
scale bedload transport to changes in channel morphology is dificult because 
this requires a complete topographic survey of the channel reach in question 
prior to and following a bedload-transporting flow event (Kasprak et al., 2015). 
This is particularly relevant in ephemeral channels, where topography appears 
to remain unchanged (Singer and Michaelides, 2014). Hence, studies of 
channel topography and bedload have been undertaken mainly in flumes 
(Kasprak et al., 2015), only a few in the field. One field example is the study in 
the Gardia and Strimm catchments (Cavalli et al., 2017), mountain basins in 
Italy, or the research in a segment of the Rees River, New Zealand (Williams et 
al., 2015), characterized for braided morphodynamics. Hitherto, bedload data 
sets have been qualitatively related to field observations of channel changes 
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between events (Lucía et al., 2013; Liébault et al., 2016). Information is lacking 
on means by which bedload flux and texture are interrelated with channel 
morphology and texture (morpho-texture) because observations on 
morphological changes during bedload-transporting events have been 
unavailable (Lucía et al., 2013). Therefore, our objective is to study the 
interrelations between bedload flux and texture and between channel 
morphology and texture during and between sediment-transporting events. This 
objective is based on the assumption that in this, and likely in other 
environments, the condition of the bed not merely prior to but also during an 
event considerably affects bedload flux and texture. To this end we have carried 
out a field study in an ephemeral channel with a bimodal sand-gravel grain size 
distribution.  
We hypothesize that (i) gravel bedload flux is high compared to that in gravel-
bed rivers under similar magnitude of reach-averaged shear because of the 
presence of variable proportions of sand; (ii) bedload flux and texture are 
considerably affected by changes in channel topography and texture occurring 
during an event; and (iii) morphological changes caused by varying sediment 
supply induce changes in the response of bedload flux and texture. 
We report on a study carried out in the ephemeral sand-gravel channel of the 
Poveda Gully located close to the Alto Tajo Natural Park in east-central Spain 
(Guadalajara Province), the first-ever in this type of environment. The park is a 
protected area with a presumed environmental problem caused by high yields 
of sediment from kaolin mines and from sand gullies, both located in the 
geologic Utrillas Formation (Martín-Moreno et al., 2014; Zapico et al., 2017). 
Understanding bedload dynamics from natural gullies, such as the Poveda 
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Gully, is essential to compare it with bedload resources in the mined areas and 
to evaluate their relative impact on the Alto Tajo River (Zapico et al., 2017). 
 
2. Study area 
The Poveda Gully is located in east-central Spain (Fig. 1) close to the Alto Tajo 
Natural Park. This landscape is characterized by plateaus and mesas capped 
by Cretaceous carbonate rocks (limestones and dolostones) underlain by sandy 
sediments, in which the Tajo River has incised a canyon system longer than 
100 km and up to 400 m in depth (Carcavilla et al., 2011). The sandy sediments 
are 100 m thick (Arenas de Utrillas Formation) into which several gullies have 
incised, the largest of which is the Ribagorda Gully (Martín-Moreno et al., 2014). 
These sands contain thin layers of gravels, as well as kaolinite, the latter 
exploited in several mines in the vicinity of the Natural Park (Olmo and Álvaro, 
1989). 
The most common soils are calcaric Cabisols, mollic Leptosols, and rendzic 
Leptosols on top of the mesas and carbonate colluvia with calcaric Cambisols 
on the slopes (IUSS Working Group WRB, 2007). The vegetation is 
representative of Mediterranean continental environments. 
Mean annual precipitation is 783 mm, and mean annual temperature is 10°C 
(AEMET, 2013). This area is characterized by long and cold winters with snow 
being common and by short and dry summers. Spring and fall are usually wet. 
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Fig. 1. (A) Location of the Poveda Gully; (B) oblique aerial photograph; (C) 
monitoring equipment. 1: two Reid slot bedload samplers; 2: crane to lift the 
samplers; 3: video camera; 4: rain gauge; 5: solar panel, batteries, datalogger, 
and telemetry.  
The Poveda Gully is located in the Tajuelo catchment, one of the tributaries of 
the Tajo River. This gully (2.8 ha, of which 0.24 ha is gullied) and other few very 
minor gullied areas in its vicinity (Fig. 1) represent 0.01% of the Tajuelo 
catchment. The longitudinal slope of the Poveda Gully channel is 15%, and its 
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width at the monitoring site is 1.15 m. The vertical gravelly sand walls have 
slopes of 50º and 31º in the right and left banks respectively. Their height is ~5 
m. The confined plane channel bed (as defined by Montgomery and Buffington, 
1997) has a variable proportion of sand and gravel, where D50 and D90 
respectively vary in range from 15 to40 mm and 30 to80 mm. The grain size 
distributions (GSDs) of the Poveda channel bed before monitoring was initiated 
are shown in Fig. 2. The D50 of the subsurface is similar throughout the channel 
(about 2 mm), whereas the median of the surface is much coarser (about 20-30 
mm); whereas the D90 is similar in the surface and subsurface (about 40-60 
mm). 
 
 
Fig. 2. Sediment textures in the Poveda Gully. (A, B) Bed material 
characterization in the different units undertaken before bedload monitoring 
ensued; (C) bedload samples (right sampler) after events 1, 5, and 7 and the 
average channel subsurface. 
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3. Methods 
 
3.1. Bed characterization 
Bedforms were mapped and the texture of the channel was sampled on 19 April 
2013 prior to initiation of monitoring. To avoid modifying the studied channel 
upstream of the monitoring site, the sampling was undertaken merely 3 m 
downstream of the monitoring site on the following bed patches: (i) thalweg 
area, (ii) gravelly sand bar, (iii) sand gravel bar, and (iv) gravel bar. These 
morpho-textural units were subsampled (i) by collecting painted particles on the 
surface and (ii) from the subsurface. Sediment bars were sampled in their 
entirety. Samples were sufficiently large with respect to the Dmax to ensure <1% 
error (as per Church et al., 1987). Samples were dried and sieved; grain size 
parameters were calculated using Gradistat (Blott and Pye, 2001).  
 
3.1.1. Topographic surveys after each bedload-transporting event 
High resolution topographies of the channel were surveyed after each bedload 
event to evaluate interrelationships between bedload texture and bed changes 
upstream of the samplers. We used two methods: (i) terrestrial laser scanning 
(TLS) after two among the seven registered events and (ii) automatic 
photogrammetry (SfM; see Westoby et al., 2012) after four of the events. In one 
additional instance, bed topography was surveyed using both methods for 
intercomparison of accuracy. Topographic data after two minor events are 
unavailable. We assume that morphological and textural changes were 
insignificant between these miniscule events.  
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The TLS was undertaken with a Leica MS60 multi-station. This instrument is 
also a total station, thus allowing measurement of check points as well as 
control points with 1 mm precision. The MS60 automatically unified the scanned 
point clouds. Each survey included a downstream and an upstream scan to 
remove shadows. Table 1 shows details of the scans. 
 
 
Table 1  
Topographic data availability and accuracy obtained after each bedload-transporting event
a
 
Event Method 
No. photos 
or scan 
positions 
Point 
cloud 
density 
RMSE check points 
No. 
check 
points 
X,Y Z 
# pts m
-2
 # m  
1 SfM 252 8,073,836 3  0.02 0.007 
2 n.d. n.d. n.d. n.d.   n.d. n.d. 
3 LIDAR 002 0184,195 n.d.   n.d. n.d. 
4 n.d. n.d. n.d. n.d.   n.d. n.d. 
5 SfM 027 0997,152 3  0.02 0.002 
6 SfM 121 2,539,025 3  0.02 0.004 
6 LIDAR 004 0220,601 n.d.   n.d. n.d. 
7 SfM 115 0775,659 3 0.02 0.003 
A SfM 131 0928,368 3 0.02 0.002 
A LIDAR 002 0254,955 3  0.015 0.004 
 
a
 n.d. - no data; A – after the seventh event for comparison of SfM to LIDAR. 
 
Two sets of photographs were taken by SfM from heights of 1.5 and 10 m and 
from different angles respectively using a DMC TZ20 Panasonic and a Xiaoyi 
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Action cameras. The number of photos differed (27-252); all sets had a minimal 
80% overlap, and accuracy was independently determined for each 
photographic sequence. Twelve fixed targets were placed along the channel as 
check or control points. Photography at different angles and control points 
covering all the surface are the best options to reduce systematic DEM 
deformation caused by the doming effect common in SfM-derived topographies 
(James and Robson, 2014; Carrivick et al., 2016). Photos were processed with 
Agisoft PhotoScan (Agisoft LLC, 2016) to obtain a dense ultra-high quality point 
cloud and an orthophoto. 
Before processing point clouds, each one was 'cleaned' to remove non-ground 
elements such as vegetation or noise using the LP360 Advanced edition 
software (Qcoherent, 2015). Errors were also calculated (Brasington et al., 
2000). Four analyses were performed to calculate: 
 the difference in elevation between event topographies;  
 the relative relief for a specific part of the channel; 
 digital elevation models of difference (DoD) between events by using the 
Geomorphic Change Detection (GCD) software (GCD, 2015); 
 the roughness-based bed material grain size distribution (GSD) by 
calculating the standard deviation of heights in a specific detrended area 
(Brasington et al., 2012; Rychkov et al., 2012) using ToPCAT 
(Brasington et al., 2012; e.g., see Storz-Peretz et al., 2015); and  
 the percent change in bedforms (sorted as gravel and sandy gravel bars, 
as well as sand and gravelly sand) by digitalizing the bedforms and the 
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thalweg area using orthophoto and point clouds in ArcGIS Pro 1.3.1 
(ESRI, 2016). 
Check points were used to calculate accuracy by the root-mean-square error 
(RMSE) and using the LP360 control point tool following the American Society 
for Photogrammetry and Remote Sensing guidelines (ASPRS, 2014). The 
RMSE was determined only once for the TLS-based topographies, but every 
scan was undertaken using the same control points and following the same 
procedure. The RMSE was calculated for each SfM topography by using the 
independent check points (Table 1). The largest RMSE in height (RMSEZ) is 7 
mm and is smaller than the smallest average difference in height between 
topographies (12 mm). Therefore, the calculated differences in topography are 
reliable. Although channel roughness values smaller than 7 mm were 
dismissed, our focus in this study is the ratio of sand and gravel, not among 
different sand sizes. 
 
3.2. Bedload 
Bedload discharge was automatically and continuously monitored during one 
year using two independent Reid-type slot samplers. Bedload trapped by the 
slots is stratified inside the two samplers, allowing the determination of the 
texture of bedload. Samples were taken to represent the different visually-
homogeneous facies layers inside the box based on their texture and color. 
When the sediment was homogeneously deposited in the sampler, it was split 
at most to 10 layers of identical thickness. Assuming an unvarying bulk density 
of the sediment inside the samplers, the upper and lower limits of each layer 
were related to the timing when they were deposited in the sampler, timing for 
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which water stage was also documented (Powell et al., 2001; Lucia et al., 
2013).  
Samplers were always full of water to ensure that all the changes in mass 
detected by the system were only owing to entry of sediment. The pressure 
sensors were locally calibrated following Lucía et al. (2013) using known 
weights ranging in mass between 0.2 and 40 kg. The minimum mass detected 
by the sensors was 0.2 kg. The maximum cumulative mass during calibration 
was almost 900 kg, exceeding the total load accumulated during sampling. 
Water stage was monitored at the study site by two calibrated vented pressure 
transducers located in each of the bedload slot samplers. Rainfall was 
measured by two recording tipping-bucket rain gauges (Davis Rain Collector II) 
installed nearby. For each event, intensity was calculated before and during an 
event. 
The bedload equipment (Fig. 1) and methods were similar to those deployed in 
Barranca de los Pinos (Lucía et al., 2013), with changes as follows: (i) slot 
widths were set at 160 mm; each slot had two wings to avoid lateral entrance of 
bedload (Liébault et al., 2016). The slot size was determined by monitoring 
painted gravel particle movement during the year preceding bedload 
measurements; the diameter of the largest mobile clast was 145 mm. The 
downstream dimension of the slots was much larger than the anticipated hop 
lengths of saltating particles (Fathel et al., 2015). (ii) A concrete wall was 
installed on the right bank of the sampler to avoid the entrance of sediment from 
the gully wall (Fig. 1); (iii) bedload samples were dried and sieved at 0.062, 
0.25, 0.5, 2, 4.7, 6.3, 9.5, 19, 25, 38, 50, 75, 100, and 125 mm; (iv) the data 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 
logger (Campbell CR1000) was connected to a telemetering system, informing 
when an event occurred and the mass of sediment inside the samplers. This 
allowed emptying the samplers after every event, thereby avoiding the loss of 
any event. (v) To ensure appropriated representation of clasts for textural 
analysis, the sediment in the boxes was sampled from the top center instead of 
from the lateral window. 
The time during which each bedload sample was trapped was determined by 
the cumulative bedload mass assuming a constant density of the deposit as 
found elsewhere (Powell et al., 2001). This timing allowed calculation of 
cumulative bedload mass (kg), bedload flux (kg s-1 m-1), water depth (mm), and 
bedload texture (mm). For ease of graphical representation of bedload flux, we 
use the unit of hg m-1 s-2. 
Pearson correlations and their significant levels have been calculated using 
Statgraphics 18 software. Results were obtained for (i) maximum local bedload 
flux vs. bedload mass in both samplers; (ii) bedload texture vs. water depth 
during events 5 and 7; the following relations for bed conditions preceding given 
events: (iii) bedload D90 vs. channel surface D90; (iv) maximum local bedload 
flux vs. channel D90; v) bedload D90 vs. the proportion of gravel and sandy 
gravel bars; (vi) maximum local bedload flux vs. proportion of gravel and sandy 
gravel bars; (vii) bedload D90 vs. proportion of sand and gravelly sand bars; and 
(viii) maximum local bedload flux vs. proportion of sand and gravelly sand bars.  
 
3.3. Still and video photography 
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An M12 video camera (Mobotix) was installed with the view field 10 m upstream 
of the monitoring site. It was triggered by the data logger when the pressure 
sensors detected water in the channel. A light was also triggered at nighttime. 
The images were converted to video using the Mobotix MX Control Center 
program. 
The video capture afforded the opportunity to determine how bedload entered 
into the slots and also the extent to which changes in bedload flux and texture 
relate to changes in bed topography during events 5 and 7. 
4. Results and analysis 
4.1. Flow events and rain intensity 
As the Poveda Gully is an ephemeral channel, it is dry almost all of the year. 
During the annual monitoring period (24 Oct 2014 – 2 Nov 2015), altogether 
seven bedload-generating flow events occurred (Table 2). Two short duration 
events (2 and 4) registered low cumulative bedload mass, although they were 
preceded by considerable rainfall. Rainfall depth during event 1 was the largest 
recorded during the period; the largest bedload mass was transported by this 
event. 
Maximum registered water depth was 107 mm during Event 1 and respectively 
78 and 83 mm during events 5 and 7. The highest fluxes of bedload were 
registered in events 1 and 5. The maximum registered water depth was 107 
mm. Event duration varied in the range from 25 to 985 min; the two small 
bedload transporting events 2 and 4 lasted about 1 h (Table 2).  
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Rain intensity (Table 2) during the events was similar, varying between 3 and 
6.1 mm h-1. However, there was a very large variation in intensity (1-10.8 mm h-
1) before runoff events were initiated. The latter occurred in event 2, which also 
had the maximum rain intensity during the event. However, it is one of two 
events with low mass of transported bedload. 
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Table 2  
Summary of the monitored bedload-generating flow events in the Poveda Gully 
Event 
Date 
(d.m.y) 
Season 
Rainfall depth  
 Rain intensity 
 
Max bedload 
size 
a
 
Bedload 
mass in 
both 
samplers
b
 
Local bedload 
flux
a
 
Water depth
a
 
Event 
duration
C
 
 Before 
event 
During 
event 
Before 
event 
During 
event 
D90 D50 Max Average Max Average 
mm mm h
-1
 mm mm kg kg s
-1
 m
-1
 mm min 
1 03.11.2014 autumn     19.2      13.4   2.7 3.4 49.4 4.25 466 6.2 0.04  107 11  245 
2 14.11.2014 autumn 10.8 00   9.2 10.8 6.1  01.81 0.63   50 0.5 0.01    24   7    85 
3 30.01.2015 winter 06.2      23.8   1 1.4 0 1.87 0.77  132 0.2  <0.01     19 10  985 
4 26.04.2015 spring     15     0 4.2   1.4 4.2 0 3.23 0.99       42.5 0.2 0.01     28   3    52 
5 11.06.2015 spring    4.4 2.4   2.2 4.8   32 2.20 314 9.6 0.25     78 30    25 
6 21.08.2015 summer     3.0 8.2   3 3  07.90 1.11 164 2.3 0.03     54   8  235 
7 02.11.2015 autumn    4.6 5.8   4.6 4.6  18.82 1.10 368 1.9 0.07     83 38  150 
a
 Values refer to both samplers. 
b
 Total bedload mass in both samplers. 
c
 The beginning and the end of an event were defined by the beginning of sediment entry into the samplers if not full, or until sampler efficiency dropped (Powell et al., 
2001). 
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4.2. Bedload flux 
The total mass of accumulated bedload exceeded the sampler volume only 
during event 7 (Table 2). Magnitudes of the highest local bedload fluxes were 
excessive by all standards, up to 9.6 kg s-1 m-1. Events 1, 5, and 7 occurred in 
autumn and spring, producing a gravelly sand texture and the largest masses of 
bedload. In contrast, events 2, 3, 4, and 6 occurred in summer, spring, and 
winter transporting sandy gravel with lower bedload yields. Most of the sediment 
was trapped by the right sampler in all the events. 
These dramatic variations in bedload transport between events also occurred 
during each event. Figure 3A shows the evolution of sedimentary parameters 
monitored in event 5, one of the three events during which the highest total 
bedload mass accumulated in both samplers. Note that the scales for all 
parameters vary between the left and right samplers. The single-peaked 
hydrograph is not repeated in the temporal variation of bedload flux, which 
considerably varies in both samplers. During the short 26-min duration of event 
5, bedload flux varied approximately between 0 and 10 kg s-1 m-1 in the right 
sampler and 0 and 1 kg s-1 m-1 in the left sampler. During merely 3 min 
(between minutes 2 and 5) bedload flux rose fivefold and then decreased 
fivefold, although water depth continuously increased from 5 to 7 cm. A smaller 
rise and fall in bedload flux occurred somewhat earlier in the left sampler. 
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Fig. 3A. Temporal variation of water depth, bedload flux, cumulative bedload 
mass, D50, and D90 during event 5. The unit of bedload flux is hectograms s
-1m-1 
for ease of illustration. 
 
Similar high temporal variations in bedload flux seemingly unrelated to water 
depth also occurred during event 7 (Fig. 3B). Here, large bedload fluxes were 
registered in both samplers during the initial 10 min, first in the left sampler (2 
kg s-1 m-1) and 5 min later in the right sampler (1.5 kg s-1 m-1). Also striking is 
the inactivity in the left sampler during minutes 30-100 and the opposite — the 
lack of bedload activity in the right sampler during the last 45 min while the left 
side of the channel became active even though water depth was similar 
throughout the entire width of the monitored channel. 
 
Fig. 3B. Temporal variation of water depth, bedload flux, cumulative bedload 
mass, D50, and D90 during event 7. The unit of bedload flux is hectograms s
-1m-1 
for ease of illustration. 
 
These large changes in bedload flux are revealed by depicting the variation of 
bedload flux with water depth (Fig. 4). For instance, Fig. 4D shows a dramatic 
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decrease in bedload flux during event 5 while water depth remains stable. It 
represents the same phenomenon shown in Fig. 3A between minutes 2 and 5. 
This decrease is repeated in event 7 (Fig. 4E) in the left sampler. The response 
of bedload flux to water depth in the right sampler (Fig. 4H) appears to be 
almost random. 
Maximum local bedload flux and bedload mass in both samplers have a 
significant positive correlation with maximum water depth, 0.69 and 0.96 
respectively (Table 2). This implies that when water depth is sufficiently large, 
bedload is transport limited, not supply limited. 
4.3. Bedload texture 
Similar to bedload flux, bedload texture varied not only between events (Table 
2) but also fluctuated during each event (Fig. 4). Correlation coefficients 
between bedload texture and water depth show no pattern. For the right 
sampler (event 5) they are -0.5 (significance level 0.10) for D90 and -0.32 
(significance level 0.54) for D50. For event 7 the respective values are 0.5 
(significance level 0.10) and 0.1 (significance level 0.80). These correlation 
coefficients indicate that bedload texture varies considerably during an event, 
but the variability depends only slightly on water depth. 
Pronounced variations in bedload texture are most notable in the event-varying 
magnitudes of D90 (Table 2). Events that occurred in autumn and summer are 
those that produced the largest D90 except event 2, a very small event in terms 
of total mobilized bedload mass and maximum bedload flux. In contrast, events 
that occurred in winter and spring are characterized by small values of D90. 
Event 5 was a spring exception, as it carried very large clasts (Table 2).  
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Fig. 4. Examples of hysteresis of bedload flux and bedload texture vs. water 
depth in event 5 (A-D) and event 7 (E-H). (A, B) and (E, F): Left sampler; (C, D) 
and (G, H): right sampler. The unit of bedload flux is hectograms/sm for ease of 
illustration. 
 
4.4. Fluctuations in bedload flux  
Four events were video recorded. Event 7 was recorded during the day and the 
quality is high. The other events were recorded at night; the light system 
allowed viewing the channel, but the quality of the recoding is lower than during 
daytime.  
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Appendix A depicts part of event 5 between minutes 2-6 and 9-12 (see Fig. 3A) 
in fast playback. Appendix B depicts part of event 7 between minutes 0-10 and 
85-102 (see Fig. 3B) in fast velocity. Both recordings show how water and 
bedload enter the samplers, as well as the topographic changes in the 
upstream feeder channel occurring during the events. 
The following morphological changes occurring during event 5 in the feeder 
reach immediately upstream of the slot samplers are observed (Appendix A): (i) 
a bar deflects almost all the water through a narrow thalweg toward the right 
sampler (Figs. 5A and 3A minute 2:33); (ii) bar growth splits the water toward 
both samplers while the narrow thalweg becomes less pronounced (Figs. 5B 
and 3A minute 11:39); (iii) the bar further aggrades downstream toward the 
samplers, and the thalweg is almost obliterated, having been filled with 
sediment (Figs. 5C and 3A minute 20:30). This pattern is also shown in Figs. 7 
and 8A. 
Likewise, the following morphological changes occurred during Event 7 in the 
feeder reach immediately upstream of the slot samplers (Appendix B): (i) the 
bar upstream of the right sampler diverts water and sediment toward the left 
sampler (Figs. 6A and 3B minute 00:18); (ii) the bar upstream of the right 
sampler has been eroded, and most of the water is deflected to the right 
sampler, thereby giving rise to very high (peak) bedload fluxes (Figs. 6B and 3B 
minute 9:33); (iii) the most frequent bed morphology we have monitored in the 
channel is observed: most of the water and bedload are directed toward the 
right sampler while, the left sampler attracts but a minor part of the fluxes of 
water and sediment (Figs. 6C and 3B minute 13:02); and (iv) the right sampler 
is full (Figs. 6D and 3B minute 125:05), and although water flows toward it, the 
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sensors register zero bedload flux. This entire sequence of images during event 
7 also shows how a low relief channel becomes incised.  
 
 
Fig. 5. Topographic changes in the channel bed during event 5 – see video 
recording Appendix 1. (A) The thalweg area is clearly defined (1), and the bar 
diverts the flow of water mainly toward the right sampler (2), minute 2:33. (B) 
The thalweg area is less clearly defined because of sediment filling (1) with 
water flowing toward both samplers, minute 11:39. (C) The thalweg area is not 
identified (1), view of the bar from which water is diverted toward both samplers 
(2), minute 20:30. 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 
 
Fig. 6. Topographic changes in the channel bed during event 7; see video 
recording Appendix 2. (A) The bar blocking the flow of water towards the right 
sampler, minute 00:18. (B) The bar has been eroded with water flowing toward 
the right sampler, minute 9:33. (C) The most common situation in the Poveda 
Gully: water flows mostly toward the right sampler, minute 13:02. (D) The right 
sampler full of sediment (minute 125:05). This situation occurred only once 
during the study period. 
 
 
Fig. 7. High resolution detrended digital elevation models of the feeder reach 
immediately upstream of the samplers after events 1 in autumn, 5 in spring, and 
7 in autumn.  
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Fig. 8. High resolution detrended digital elevation models of difference (DoDs) 
between (A) events 1 in autumn and 5 in spring and (B) between events 5 and 7 
in autumn. The entire channel fills, whereas in autumn there is both light fill and 
mainly incision.  
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4.5. Morphological changes in the channel bed and their interrelationship with 
bedload transport 
Table 3 summarizes bed topography data obtained after events using TLS and 
SfM. Data from both methods are available for events 6 and A, with differences 
in depth of 4 and 5 mm.  
Although topographic data are not available after all the events, we do have 
topographic data after almost all and for the most prominent events in terms of 
bedload flux (Table 2). This allows relating bedload flux and texture to 
topographic changes.  
Events that took place in winter and spring (3 and 5) are those associated with 
a low relative relief, filling the channel with fine-grained particles. Events 
occurring in autumn (1 and 7) have a high relative relief owing to incision of the 
channel and coarser bed material. For event 6 (summer) the topographic 
signatures in terms of relative relief and bed texture are complex, showing that 
incision has commenced (difference in depth, Table 3) but that texture remains 
fine. 
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Table 3  
Comparison of TLS- and SfM-derived data of bed topography after bedload-transporting events
a
 
Event Method 
Difference in 
depth 
relative to 
previous 
topography 
 
Area 
change 
detection 
 
Error 
(+/-) 
Relativ
e relief 
Texture 
Dominant bed texture 
Thalweg 
Gravel and 
sandy 
gravel 
Sand and 
gravelly 
sand D50 D90 
m m
2
 m m mm % 
1 SfM n.d. n.d. n.d. 0.21 25.4 53.2 77 19 4 
3 LIDAR + 0.055 5.89 0.008 0.11   8.0 36.8 74 16 10 
5 SfM + 0.019 5.20 0.005 0.11 <7.0 14.7 88 6 6 
6 SfM - 0.006 3.41 0.005 0.10  <7 15.0 
69 9 22 
6 LIDAR - 0.001 3.59 0.005 0.10  <7 16.0 
7 SfM 
-0.014 (with 
6-SfM) 
-0.017 (with 
6-LIDAR) 
4.20 (with 
6-SfM) 
4.16 (with 
6-LIDAR) 
0.005 
(with 6-
SfM) 
0.005 
(with 6-
LIDAR) 
0.13 15.4 48.3 53 14 33 
A SfM - 0.007 5.26 0.004 0.19 15.4 49.4 
72 22 6 
A LIDAR -0.011 5.20 0.005 0.21 23.9 53.4 
a
 n.d. - no data; A – after the seventh event for comparison of SfM and LIDAR. 
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This topographic pattern in terms of incision/filling of the channel is 
demonstrated in Figs. 7 and 8, while Fig. 9 also shows the change in bed 
texture by way of surface roughness. Table 3 also shows how bedforms 
evolved between events. The highest event in terms of bedload mass and 
coarse texture (event 1) has the smallest proportion of sand and gravelly sand 
bedforms and the largest proportion of gravel and sandy gravel bars; so does 
the next large autumnal event 7 (Figs. 7, 9A, 9C, 9D). The only spring event 
with topography data, event 5, has a small proportion of bars because it was 
filled by sand (Figs. 7, 9B, 9D, and Table 3).  
The relative relief in event 1 was much larger than at any other time. The 
difference in relative relief between events 5 and 7 was not large, but thalweg 
width was much larger in event 7. Thus, the cross-sectional shape in event 5 
describes a partial filling, leading to a wider, flatter thalweg in event 7 (Figs. 7 
and 9D). 
Several interesting correlations have been found by a comparison of bedload 
transport data (Table 2) with channel conditions preceding an event (Table 3): 
(i) bedload D90 and maximum bedload flux increase when channel D90 
preceding the event is low (-0.78 and significance level 0.22; -0.87 and 
significance level 0.13) and the proportion of gravel and sandy gravel bars also 
decreases (-0.67 and significance level 0.32; -0.94 and significance level 0.05); 
(ii) bedload D90 increases when the proportion of sand and gravelly sand bars 
increases (0.90 and significance level 0.10). The correlation between maximum 
bedload flux and the proportion of sand and gravelly sand bars is not significant 
(0.32 and significance level 0.67). 
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Fig. 9. Topographic evolution of the streambed upstream of the bedload 
samplers. (A) After event 1 in autumn; (B) after event 5 in spring; (C) after event 
7 in autumn; (D) SfM-based temporal changes of the cross sections in the 
immediate vicinity upstream of the samplers. The upstream view in these cross 
sections corresponds to the views in the photographs.  
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5. Discussion 
5.1. Spatiotemporal variations in bedload flux  
Bedload transport has been demonstrated to be very variable cross-sectionally; 
and as it was monitored merely at two locations (the right and left samplers), the 
reported fluxes are local and do not represent the entire cross section. In this 
study we do not attempt to calculate the channel-average bedload flux as done 
elsewhere with a larger number of samplers (Powell et al., 1998, 1999) because 
the video evidence demonstrates that its variation across the channel is 
nonlinear and temporally very variable. 
However, much has been gained from the evidence on the interrelationships 
between bedload and bed dynamics. The inclusion of variable proportions of 
gravel and sand lead to the formation and obliteration of gravel bars. This 
diverted water and bedload more so than in small sand-bedded channels (Lucía 
et al., 2013; Baar et al., 2018). 
The maximum registered local bedload flux (9.6 kg s-1 m-1) is much higher than 
most published data for perennial rivers with maximum values of erosion rarely 
higher than 1 kg s-1 m-1 (Laronne and Reid, 1993; García et al., 2000; 
Habersack et al., 2001; Mao et al., 2010; Vericat and Batalla, 2010). 
Nonetheless, it is lower than some other published bedload fluxes in ephemeral 
channels: 20 kg s-1 m-1 in the sandy Barranca de los Pinos (Lucía et al., 2013) 
and 37 kg s-1 m-1 in the muddy-gravelly Moulin Ravine (Liébault et al., 2016). 
The high bedload fluxes in these and other ephemeral channels occur because 
of fast recessions (Laronne and Reid, 1993; Hassan et al., 2006; Storz-Peretz 
et al., 2013), as can be appreciated in the difference between maximum and 
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average values of bedload flux (Table 2), and large supply of sediment (Lucía et 
al., 2013; Liébault et al., 2016) leading to unarmored beds. Indeed, the gully 
wall is a nearby and large source of sand and gravel, as demonstrated not only 
by the changes in the gravel/sand ratio (Table 3) but also by the addition of 
sediment transported to the bed from the gully wall (e.g., last seconds of 
Appendix B). The Poveda Gully channel has all these features, additional to 
involving large changes in the gravel/sand ratio of the channel bed. The 
existence of gravel in a narrow thalweg (Fig. 9) means that concentrated, 
deeper and faster water can transport gravel particles at altogether high 
bedload fluxes. However, these take place in a narrow part of the channel, 
whereas most of the channel bed experiences either no flow or very shallow 
flow with low bedload fluxes. When the channel is filled with sand, flow diverges 
over the entire cross section and flow depth is overall shallow.  
In addition, the video recordings show why bedload transport equations cannot 
be accurate for actively changing channels (Rainato et al., 2017). The inclusion 
of bed surface material in bedload equations improves their predicting power 
(Recking, 2010) – the addition of information on the changing bed topography 
(e.g., bar formation and obliteration) during an event is paramount. 
5.2. Variable pattern in morpho-texture and its relationship with bedload  
The effect of changing channel shape on sediment transport has been studied 
(e.g., Williams et al., 2015; Bezak et al., 2017). Seasonal patterns have been 
identified in other natural channels such as the Pasing-Potrero (Gran, 2012). 
However, our study is at the interevent scale. This has allowed identifying a 
pattern in channel morpho-texture during the monitoring period (Fig. 10). 
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Incision of the channel bed occurred in events when much of the sand was 
depleted, leaving a rougher, sandy gravel bed. In other events the channel 
became sandier while filling, thereby reducing its relative relief (Fig. 9 and Table 
3). This behavior can explain why ephemeral channel topography can be 
wrongly appreciated as unchanged when, in fact, this environment is very active 
and changeable as demonstrated by a numerical model (Singer and 
Michaelides, 2014).  
Topographic data are available after all the relevant bedload-transporting 
events, hence bedload flux and texture can be related to topographic patterns 
(Table 3). In autumn, the channel was incised and channel texture was coarser; 
flow events produced high bedload fluxes and coarse sediment. In contrast, in 
the spring and winter sand was deposited in the channel, water was distributed 
over a wider channel bed, bedload fluxes decreased and bedload texture 
became finer (sandy). The summer event occurred in a transition period. These 
changes in topography and bedload flux can be associated with episodes of 
sand loading from the Poveda Gully walls, which mainly comprise sand. 
Specifically, the channel apparently is fed with sand in winter and spring owing 
to freeze-thaw in the gully walls and in summer-autumn it is rainfall-fed (Martín-
Moreno et al., 2014), thereby it is able to transport gravel-sized particles, 
producing high bedload fluxes (Figs. 7, 8, and 9). Indeed, this role of sand in 
bedload transport has been studied not only in flume experiments (Wilcock et 
al., 2001; Venditti et al., 2010a; Miwa and Parker, 2017) but also in natural 
channels (Whiting et al., 1988; Gran, 2012). 
Events 2 and 5 did not fully follow this pattern in bedload transport as reported 
elsewhere (Hassan and Church, 2001; Rickenmann, 2001). Event 5 occurred in 
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spring, and although it generated channel fill similar to the other winter and 
spring events, it also produced higher bedload fluxes of coarse texture. Even if 
the Poveda Gully walls are primarily comprised of sand, they also contain 
gravel. Hence, it is likely that the texture of the sediment that fed the channel 
was gravelly, thus affecting bedload texture (Ferrer-Boix and Hassan, 2014). 
Although merely a conjecture, this may explain the high proportion of gravel in 
this event. 
The autumnal event 2 occurred between two events that incised the channel 
and during which yields of bedload were high. Event 2 generated low bedload 
fluxes of coarse texture despite the high rainfall intensity. This response occurs 
because sand was exhausted in the channel and water depth was insufficient to 
mobilize the gravel present in the channel as documented in flume experiments 
(Wilcock and McArdell, 1997). Indeed, correlations between bedload and 
channel texture increase when the texture of the bed surface decreases and 
sand and gravelly sand bars dominate. Excluding events 2 and 5, bedload flux, 
texture, and mass can be related to a changing pattern in channel shape as 
shown in Fig. 10. The importance of sand supply in this pattern of topography 
and its relationship with bedload transport is also manifested by the finer texture 
of bedload in comparison to the surface of each of the corresponding channel 
beds (Fig. 11). Bed texture in spring was sandy (event 5) and gravelly in 
autumn (events 1 and 7).  
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Fig. 10. Morpho-textural pattern of bed features and their influence on bedload 
flux and texture in the Poveda Gully. 
 
Fig. 11. Sediment textures in the Poveda Gully for lower-truncated granule (>7 
mm) grain sizes of (i) the channel bed based on ToPCAT; (ii) bedload samples 
(right sampler) after events 1, 5, and 7; and (iii) the initial characterization of the 
bed material subsurface. The entire size distribution of the bedload samples is 
shown in Fig. 2.  
 
The low relative relief and the very high content of sand (≈0.8; Fig. 9B) in 
summer further decreased the mobility of gravel particles by increasing the 
critical shear stress on a matrix-supported bed (Miwa and Parker, 2017). In 
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autumn the content of sand was lower (<0.4; Figs. 9A, 9C), thereby maximizing 
the transport of clast-supported gravel particles while sand filled interparticle 
voids (Wilcock, 1988; Venditti et al., 2010b). 
As for the use of topographic survey methods for GSD analysis, a significant 
difference has been found based on the topographies obtained for Event A 
(Table 3). Here the D50 is coarser for the TLS-based topography than for the 
SfM-based topography (23.4 vs. 15.4 mm). This difference in roughness for the 
same topography has previously been reported (Smith and Vericat, 2015), 
suggesting that it is caused by the higher precision of the SfM data set 
compared to that by the TLS; it may also reflect Agisoft PhotoScan smoothing. 
In fact, SfM tends to smooth over some roughness elements, as may occur with 
boulders in a gravel bar and as may occur with gravels of the Poveda Gully 
channel (Cook, 2017). However, the calculation of D90 yielded very similar 
values (53.4 mm for TLS vs. 49.4 mm for SfM) as well as for D50 and D90 for 
event 6. Similar results using both techniques have been reported for field plots 
and flumes (Smith and Vericat, 2015; Morgan et al., 2017), both similar to the 
Poveda Gully channel. 
These significant changes in bed topography and texture between events as 
well as the dramatic changes in bedload flux can also be responsible for the low 
correlations between D50 and D90 and water depth in events 5 and 7. 
The variable supply of sand from the gully walls plays an important role in 
quantifying the interrelationships between morpho-textural changes in the 
channel and in bedload dynamics in such a gravel-sand fluvial environment as 
shown elsewhere (Kreisler et al., 2017). Nonetheless, sediment supply was not 
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monitored in this study. Gully wall evolution should be quantified in terms of the 
mass and texture of supplied sediment by accurate survey methods as done 
elsewhere (Lucía et al., 2013). As the accuracy of TLS and SfM is insufficient to 
quantify relevant changes when sediment is supplied from gully walls by 
unconcentrated mass wasting processes such as the fall of individual sand 
grains, for instance caused by freeze and thaw, other methods such as direct 
sediment monitoring from walls or their collection at the foot of the wall are 
required to quantify this input. 
The variation of bedload flux, texture, and total bedload yield measured directly 
in the field with channel shape and channel texture derived from topographic 
surveys is clear. However, sand supply from the walls might play an important 
role that prevents extending a seasonal channel pattern to bedload transport. 
The lack of data on sediment supply from the gully walls is the main limitation to 
fully understand this data set. In addition, a one-year monitoring period is 
limited. Future studies are required to evaluate if these channel-bedload 
variations recur and whether they are seasonally triggered. A comparison of 
topographic changes and bedload transport has previously been suggested by 
using both sets of data (Lucia et al., 2013). A valuable attempt to study channel 
shape changes between events with DoDs and to relate them to field 
observations has recently been undertaken in the Italian Gadria and the Strimm 
basins (Cavalli et al., 2017) and in a steep forested torrent in Slovenia (Bezak et 
al., 2017). These studies differ from ours in that we isolate data for single 
events. This difference supports the novelty of our study by attempting to 
measure bedload transport and channel shape at the event scale in the field 
and combining these with video observations. 
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Figure 11 shows one instance (event 5) when the average texture of bedload 
(D50 and D90) was coarser than the texture of the bed. However, it is impossible 
for the size of bedload to be coarser than the size of the bed because bedload 
is known to become progressively coarser as shear stress increases. Only 
when a given stage is exceeded are all the particles in the bed mobilized at 
equal mobility, thereby representing the relative fraction of all sizes of the 
surface of the bed (e.g., Parker, 1990; Wilcock and McArdell, 1993, 1997; 
Wilcock and Kenworthy, 2002; Parker, 2008). A morpho-texturally changing bed 
can explain this phenomenon. 
 
The notions of partial and equal mobility are based on the assumption that bed 
texture remains unchanged; the change in size of bedload is related to the 
texture of a nonvarying channel bed. However, bed texture is known to vary 
temporally, whether because of input of sediment slugs from slides, debris 
flows, or tributary inputs (e.g., Beschta, 1983; Lisle et al., 2001). Changes in 
bed topography and texture need not occur during long time intervals. The size 
of bedload in event 5 (Fig. 11) owes its nature to the varying topography and 
texture of the bed during the event, as shown in Appendix A as well as in Figs. 
4A-D. Bed texture changed from sandy-gravel when event 5 was initiated to 
sand dominated. Indeed, as the event progressed the thalweg became filled 
with sand (Appendix A; Fig. 9). Between minutes 4 and11, water depth 
remained unchanged but D90 progressively decreased (Fig. 3A right sampler). 
Rather than relating bedload size to the average bed condition at the onset of 
an event, bedload flux and texture are related to the changing bed topography 
and texture during the event. 
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 6. Conclusions 
Through a combination of modern topographic techniques (SfM and TLS) and 
video recording, as well as the most unintrusive method to continuously monitor 
and sample bedload flux and texture (Reid slot samplers), we have identified 
and quantified processes in a very active gullied landscape:  
 Continuous monitoring of bedload across a section allows identification of 
temporal trends. 
 Where practical, video recording of bedload transport in Nature permits 
establishing the effect of feeder reach topography on bedload discharge. 
 A changing pattern in morpho-texture has been identified in an 
ephemeral channel. The channel filled in spring and winter with sand 
having a low relative relief, and incised a narrow, coarse-grained thalweg 
in autumn. Although sand supply from the gully walls was not monitored, 
freeze-thaw in the gully walls and rainfall-fed spring and winter events 
apparently contributed considerable sand that covered the gravel, filled 
the incised thalweg, and caused the channel to become fine grained, 
most of it sandy. 
 Bar formation and obliteration play an important role in the copious cross-
sectional variations in bedload flux and texture during the events as 
demonstrated by video recording. 
 Gravel motion is considerably dependent on the ratio of sand in the 
channel. When a channel has a low sand content, gravel remains 
immobile in all but very large flow events. 
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Highlights  
 Morpho-texture and bedload transport in a steep, sand-gravel ephemeral 
channel. 
 Continuous bedload transport monitoring in a transitional sand-gravel 
channel. 
 Cyclic bed morphology pattern affecting bedload transport. 
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